H ow form and size are regulated during animal development is one of the most fundamental questions in biology. Two essential underlying mechanisms, patterning and growth, are tightly linked during embryogenesis.
First evidence for such a link came from regeneration studies on cockroach legs. When two fragments with different positional values are juxtaposed, intercalary growth occurs and the gap is filled with tissue of the transitional positional values (Bohn 1976; French et al. 1976 ). This mechanism of intercalary growth, which occurs in various systems, suggests that pattern formation regulates cell proliferation. Is there really a strict hierarchical relationship between these processes in animal development, with patterning acting upstream of growth?
Prima facie it seems that this is indeed the case, as there are many instances in which patterning processes appear to define units that intrinsically carry information about their final size. Some of the strongest evidence for this partitioning into units of growth control comes from studies of the developing Drosophila wing. Here, patterning first divides the developing organ into an anterior (A) and a posterior (P) compartment. The two compartments each obtain an intrinsic growth program and know when to stop growing independently from each other (Simpson 1976; Day and Lawrence 2000; Martin and Morata 2006) . Further evidence stems from studies of the developing chick wing, in which a patterning process defines cartilaginous elements, which then follow their intrinsic growth programs (Wolpert 1981) . On closer inspection, however, it becomes apparent that these examples merely reflect the iterative nature of development, a process during which the organism is progressively subdivided into smaller units in a temporally hierarchical order. The establishment of the main body axes, for example, predetermines the anlagen of many organs, which in turn develop as individual units that are further subdivided into subunits, and so on. Quite naturally, this leads to apparently hierarchical relationships, in which all events within a unit (including growth) occur downstream of the developmental processes (including patterning) that took place during the previous steps in development.
The nature of the relationship between growth and patterning within one "hierarchical step" is therefore the most intriguing. As mentioned above, intercalary growth experiments provide evidence that patterning regulates cell proliferation. The opposite also seems to be the case, i.e., that proliferation of cells and the resulting growth of a tissue is a prerequisite for patterning, as recently shown in experiments addressing digit patterning in the chick wing (Towers et al. 2008) . This concept of a mutual requirement is supported by the finding that the same molecules that regulate patterning, namely morphogens, simultaneously regulate proliferation and growth. Traditionally, the term morphogen (from the Greek morphê shape and genesis creation) has been used in the context of a specific patterning concept, i.e., that gradients of morphogen substances execute patterning in a concentrationdependent manner. However, the first molecular identification of morphogens in Xenopus already showed that these substances are also involved in growth control: They turned out to belong to previously known families of growth factors, the fibroblast growth factor (FGF) and the transforming growth factor-beta (TGF-beta) families (Kimelman and Kirschner 1987) . This general concept, that morphogens are patterning agents and growth factors, is supported by several other studies in different organisms. Prime examples are Sonic hedgehog (Shh) in mouse and chick limb development (reviewed in Bénazet and Zeller 2009) , and Decapentaplegic (Dpp) in Drosophila wing development (reviewed by Affolter and Basler 2007) .
UNIFORM PROLIFERATION, PRECISION, AND DEVELOPMENTAL ROBUSTNESS
Gradients of morphogens specify cell fates within a developing organ by activating target gene expression in a concentrationdependent-and hence position-specificmanner. If these morphogens also exert their role as mitogens in a concentration-dependent manner, one would expect proliferation rates to differ within a morphogen's realm of action as a function of the distance to the source, i.e., higher proliferation levels close to the site of morphogen production, and lower proliferation levels further away. Studies on organ growth and proliferation suggest that this is not the case. During vertebrate limb bud formation, for example, the morphogens Shh and fibroblast growth factors (FGFs) control the establishment of the AP and PD axes, as well as cell proliferation and expansion of the limb bud (Ten Berge et al. 2008; Towers et al. 2008; Zhu et al. 2008) . Although these morphogens form concentration gradients, they drive proliferation uniformly within early stages of limb formation. A further example is provided by the Drosophila wing imaginal disc. Cells proliferate uniformly during larval development, the time during which their AP and DV fates are patterned by the gradient morphogens Decapentaplegic (Dpp) and Wingless (Wg), respectively (Milan et al. 1996) . Thus, also in this system, morphogens drive uniform proliferation despite being distributed in gradients. Before we discuss different models that try to resolve the conundrum of how a growth factor gradient can lead to uniform proliferation, we first examine possible advantages of uniform proliferation during organ development.
During development, the organ is exposed to a certain "developmental noise": Fluctuations of environmental factors, genetic variability, and stochastic differences can lead to variations in gene expression levels between individuals. Despite such fluctuations, the outcome of organ development is very precise and reproducible, indicating that the molecular mechanisms regulating patterning and growth of organs must be robust and able to buffer these variations. Does uniform cell proliferation during organ patterning contribute to reach a high degree of precision and robustness? As we show in Figure 1 , when coupled to proper scaling of the morphogen gradient readout, uniform proliferation appears to allow an increased flexibility regarding the time point of halting patterning and freezing the expression boundaries of target genes (Fig. 1A ,C, Box 1). As discussed below, this could on the one hand contribute to precision in specifying the expression domains of target genes (i.e., patterning), and on the other hand contribute to robustness by buffering fluctuations in the levels of morphogen production.
How can flexibility in the time point of the patterning decision contribute to the precision and robustness of Drosophila wing patterning? Recent experimental observations and theoretical considerations indicate that the Dpp morphogen gradient provides maximal precision in positional information at a definedbut-limited distance away from the source (Bollenbach et al. 2008) . Moreover, assuming an exponentially decreasing concentration gradient, fluctuations in morphogen production rates would lead to a shift in cell fate boundaries if these boundaries are distant from the source of Dpp production (Eldar et al. 2003) . It may thus be advantageous to start defining the nested expression domains of different Dpp target genes, such as those of optomoter-blind (omb) and spalt (sal), at early, staggered time points during development, when the respective expression boundaries are still close to the Dpp source. The subsequent expansion of a predefined arrangement of nested target-gene expression domains would then critically rely on a uniform pattern of cell proliferation for correct proportions to be conserved.
It is important, however, to point out that the advantages of uniform proliferation for increased precision and robustness mentioned here are purely speculative, and not based on experimental observations. In fact, so far there is no evidence in the Drosophila wing system that the sal or omb expression domains become fixed at any time point during development. Several experiments actually indicate that the opposite might be the case, and that cells can change their fate if Dpp signaling is altered late in development (Nellen et al. 1994; Singer et al. 1997) . Thus, further studies on cell fate specification and scaling of the morphogen gradients during wing disc development will be essential to experimentally address the above considerations. Indeed, such experiments might also provide alternative explanations for an advantage of uniform proliferation during organ development. One such alternative explanation could be the existence of an optimal proliferation rate (highest speed of proliferation at which normal cellular functioning is not affected, and physiological problems do not occur). To reach the final size of an organ as fast as possible, without losing robustness in correct development, all cells would have to divide at the same, optimal proliferation rate.
HOW CAN A GRADIENT OF A GROWTH FACTOR ACCOUNT FOR UNIFORM PROLIFERATION?
In the following two sections, we address the question of how a growth factor that is distributed in a gradient can account for uniform proliferation. We first discuss four general groups of models that could explain uniform proliferation, and then in the next section we examine models which specifically try to explain how the Dpp morphogen gradient in the wing imaginal disc can lead to uniform proliferation (Fig. 3) .
The first group of models are the "memory models." In such models a morphogen has a sequential mode of action. First, the morphogen gradient desensitizes target cells in a way that cells located close to the morphogen source are less sensitive to the mitogenic action of the morphogen, whereas cells further away become more sensitive. Cells memorize the levels of the initial signal, and behave accordingly during the proliferation period later in development. Organ growth would then be uniform despite graded morphogen levels, because proximal cells exposed to higher concentrations of the morphogen are less sensitive, and distal cells exposed to lower concentrations of the morphogen are more sensitive. As a consequence, the actual proliferative response of the cells to the gradient becomes uniform. Importantly, cells show different sensitivities only for the mitogenic action of the morphogen, but not for the patterning response.
A second class can be summarized as "threshold models." According to these models, morphogen-dependent proliferation occurs wherever morphogen concentrations are above a certain value. Thus, in these models, there is an all-or-none response to the morphogen gradient with respect to proliferation. Uniform proliferation within an entire organ would occur if the levels of the morphogen are above the threshold throughout the organ. The models are therefore similar to the "French flag" model of patterning, in which the morphogen gradient defines gene expression boundaries via thresholds, but within the boundaries the gene expression levels are uniform (Wolpert 1969) .
A third group are the "gradient models." In such models, proliferation depends on the slope of the morphogen gradient (Gelbart 1989; Lawrence and Struhl 1996) . Here, it is not the absolute morphogen level an individual cell is exposed to that determines its proliferation behavior, but rather the relative differences vis-à-vis neighboring cells. Such models demand a molecular mechanism that allows cells to compare the morphogen levels they are exposed to with those of adjacent cells.
The fourth group comprises the "multiple growth parameter models." These models assume that growth is not only regulated by a morphogen, but in combination with "complementary" growth modulators. Such growth modulators regulate growth differently in distinct regions of the organ, and it is the Evidence for uniform proliferation in the Drosophila wing imaginal disc comes from studies using mitotic markers (BrdU staining for cells in S-phase and pH-H3 staining for cells in M-phase) as well as from the analyses of genetically neutral cell clones (Milan et al. 1996; Martin-Castellanos and Edgar 2002; Schwank et al. 2008) .
Support for scaling:
Studies on the "critical weight" in Drosophila, early in the last century, support the existence of "scaling," i.e., adaptation of the pattern to changes in size. The critical weight is defined as the weight at which larvae can continue to develop into adults even if food is completely withdrawn. Drosophila larvae, after reaching the critical weight, continue to grow if they are cultured on rich food. If starved, however, these larvae stop growing and develop into adults of severely decreased size. Despite these differences in size, the pattern and proportions of these animals are normal (Beadle et al. 1938) . Moreover, a recent study additionally suggests a scaling mechanism by showing that the relative distances between the wing veins remains constant and in proper proportions to the overall wing size (Bollenbach et al. 2008 ). This maintenance of proportions can already be observed in gene expression patterns, such as the expression domain of the Dpp target gene spalt (sal), which sets the position of vein two (Sturtevant et al. 1997; Bollenbach et al. 2008) . It is important to point out, however, that the mechanism underlying scaling in this system is not known yet. In principle, scaling could be accomplished either by continuously extending the morphogen gradient and thereby adjusting its shape relative to the growing tissue, by continuously adapting the response of cells to compensate for the increase in tissue size, or by defining target gene expression domains early in development followed by a phase of uniform expansion of the tissue during which cells maintain the expression states of these genes.
combination of their input with that of the morphogen that ensures uniform proliferation. In its simplest forms, a growth repressor would be distributed in a gradient parallel to that of the morphogen, or a growth activator in a counter-gradient. The establishment and activities of these additional growth modulators could be dependent on, or arise independently of, the morphogen. Moreover, such "complementary" growth modulators can be of different nature: They could be morphogens themselves, growth factors without patterning function, or even nonmolecular factors, such as mechanical influences.
THE DPP GRADIENT DRIVES UNIFORM PROLIFERATION IN THE DROSOPHILA WING DISC
An experimentally amenable system to explore a situation in which a gradient can generate uniform proliferation is the Dpp morphogen gradient in the wing imaginal disc. This disc is the precursor organ for the adult wing and arises as an epithelial, saclike structure at the end of embryogenesis. During subsequent larval stages (first until third instar stage), the wing disc is patterned and gains mass. It grows from about 50 to 50,000 cells with an average cell cycle time of around 8 h (Bryant and Levinson 1985) . Although cell divisions occur in clusters of cells, proliferation within the overall disc is uniform (Milan et al. 1996) . The morphogenesis of the disc into the adult wing takes place during metamorphosis in the pupal stage, which follows the larval stages. Key players for patterning the disc are the morphogens Wingless (Wg, along the DV axis) and Dpp (along the AP axis). The AP patterning and subsequent specification and formation of the wing veins has been described in detailreviewed in (Affolter and Basler 2007; Blair 2007 ) and illustrated in Figure 2 . Dpp is expressed in the developing wing disc in a narrow stripe of cells in the A compartment along the AP compartment boundary. Because it is a secreted ligand, Dpp moves from its source of production into the more lateral areas, forming a concentration gradient and exerting a long-range organizing effect in both compartments (Entchev et al. 2000; Teleman and Cohen 2000) . Dpp negatively regulates the expression of the transcriptional repressor Brinker (Brk), creating a gradient of brk expression that is reciprocal to the Dpp gradient. Brk regulates in a concentration dependent manner the nested expression domains of the genes sal and omb, which position the longitudinal veins along the AP axis of the wing (Sturtevant et al. 1997; Campbell and The Dpp gradient in the developing wing imaginal disc of Drosophila serves as a model to study organ patterning and growth. (A) Expression domains of dpp, brk, sal, and omb. (B) Dpp is secreted from its site of production in the center of the disc and spreads into the A and P compartment, establishing a gradient with highest levels in the center and lowest in the periphery. brk transcription is gradually repressed by Dpp signaling activity, leading to a brk gradient inverse to the Dpp gradient. Brk levels are important to set the expression boundaries of sal and omb. omb is repressed by high levels of Brk, and sal by lower levels. Consequently, omb is expressed in a broader domain than sal. (A) Anterior compartment, (P) posterior compartment.
Tomlinson 1999; Jazwinska et al. 1999; Minami et al. 1999; Marty et al. 2000; Sivasankaran et al. 2000; Cook et al. 2004) .
Several studies indicate that Dpp not only regulates patterning, but also plays a role in growth regulation of the Drosophila wing disc. Loss-and gain-of-function studies in the wing disc show that it is a positive growth regulator and required for the uniform cell proliferation occurring in the disc (Spencer et al. 1982; Capdevila and Guerrero 1994; Zecca et al. 1995; Burke and Basler 1996; Adachi-Yamada et al. 1999; Martin-Castellanos and Edgar 2002; Rogulja and Irvine 2005) . Moreover, several studies show that Dpp regulates growth, just like patterning, via Brk (Campbell and Tomlinson 1999; Martin et al. 2004; Schwank et al. 2008) . The wing imaginal disc is a model system that is uniquely suited to study how a morphogen gradient can account for uniform proliferation. Notably, sophisticated genetic tools in Drosophila permit us to experimentally modify the Dpp gradient and thus test the different models proposed to account for uniform proliferation. In the following section, we first discuss models that were already confuted by experimental findings, and then describe an attempt to incorporate these new findings.
The Memory Model
According to the memory model, the Dpp gradient at the onset of wing disc development would program the cells of the disc along the AP axis to acquire different sensitivities towards a mitogenic activity of Dpp-such that lateral cells become more sensitive relative to medial cells. Thus, during the growth period of the disc, the Dpp morphogen gradient would lead to uniform proliferation despite elevated Dpp activity in medial compared with lateral regions (Fig. 3A) . One experimental situation appears to support this model. When Dpp is expressed ubiquitously, from midlarval stages onwards, wing discs overgrow because of excessive proliferation of laterally situated cells (Nellen et al. 1996; Martin-Castellanos and Edgar 2002; Rogulja and Irvine 2005) ; therefore, lateral cells are apparently more sensitive than medial cells vis-à-vis Dpp's growth-promoting effects. However, in light of very recent observations, the memory model can no longer be upheld. If all cells of the wing disc are subjected to equal, high levels of Dpp pathway activity, from the very beginning of disc development onwards, lateral cells will still proliferate faster than medial cells. Evidently, different sensitivities to the mitogenic action of Dpp exist (Schwank et al. 2008) despite exposure to equal levels of Dpp early on, but this difference is not related to an early exposure to a gradient of Dpp.
The Threshold Model
According to the threshold model, Dpp would drive uniform proliferation because its activity exceeds a certain minimal level throughout the disc (Fig. 3B ). There is, however, experimental counter-evidence against such a scenario in the wing disc. As mentioned above, ectopic uniform activation of Dpp leads to overgrowth of the discs (Capdevila and Guerrero 1994; Burke and Basler 1996) ; moreover, lateral clones with constitutively active Dpp signaling grow faster than wild-type clones (MartinCastellanos and Edgar 2002) . The threshold model would predict, however, that once the marginal value is surpassed, differences in Dpp levels should no longer matter.
The Gradient Models
The gradient model for growth regulation, applied to the wing disc, predicts that cells compare the levels of Dpp they are exposed to with those of their neighbors. When the differences between these levels are sufficiently high, i.e., in which the gradient of Dpp is sufficiently steep, cells proliferate (Fig. 3C ) (Day and Lawrence 2000) . However, this model would predict proliferation to stop where these differences are zero, such as in discs with ubiquitous Dpp expression, and this is not the case. This discrepancy led to a refinement of the model (Rogulja and Irvine 2005) : During early wing disc development, lateral cells may become differently programmed, such that they not only react to the steepness of the Dpp gradient, like medial cells, but also to the absolute local Dpp levels-even when these are uniform (Fig. 3D) . This model is supported by the following experimental observations: Activation of the Dpp pathway in clones, by expression of Tkv QD (a constitutively active Dpp receptor), leads to a transient increase of proliferation at the clone margin, which was attributed to the large difference in Dpp pathway activity between adjacent cells on either side of the clone margins. Further support was derived from the experiment with uniform activation of the Dpp pathway, which leads to overproliferation of lateral cells and reduced proliferation in medial cells (Rogulja and Irvine 2005 However, a recent study found that juxtaposition of cells with distinct Dpp signaling levels is not necessary to drive proliferation, because uniform expression of Tkv QD exclusively in the medial area leads to normal growth within the entire disc (Schwank et al. 2008) . Additional experiments indicate that the reduced proliferation observed in the medial region of discs with uniformly high Dpp signaling is not because of the loss of graded Dpp signaling levels, but because of a growth-retarding signal from the overproliferating lateral cells (Schwank et al. 2008) . Taken together, these new results strongly challenge the validity of a gradient model.
The Inhibitor Model
One model that is based on a growth input in addition to that of Dpp is the inhibitor model. This model postulates that a growth inhibitor forms gradient parallel to Dpp, resulting in a net growth stimulus that is similar for all cells along the AP axis (Fig. 3E) (Serrano and O'Farrell 1997) . The expression of the growth inhibitor could be controlled by Dpp or arise independently of Dpp. If it would occur downstream of Dpp, homogeneous activation of the Dpp signaling pathway should lead to homogenous growth. As described above, however, this is not the case (Rogulja and Irvine 2005; Schwank et al. 2008) . Should the inhibitor expression arise independent of Dpp, a likely scenario would be that it is controlled by Hh signaling, which occurs in a narrow territory along the AP axis and directly or indirectly regulates the expression of all known AP patterning genes, including dpp itself. However, uniform activation of the Hh signaling pathway in the anterior half of the wing disc leads to overgrowth and higher proliferation rates in the anterior lateral region (Basler and Struhl 1994) . The absence of any sign on an inhibitor that curbs the ectopic activity of Dpp in this situation makes it unlikely that the hypothetical inhibitor is controlled by hedgehog (Hh). Moreover, no such inhibitor has ever been identified, making the inhibitor model speculative.
The Steamroller Model
Another model based on multiple growth inputs is the "steamroller model" (Fig. 3F ) (Schwank et al. 2008) . In discs in which the Dpp/Brk system has been genetically removed, the authors noted that a nonuniform proliferation pattern resulted-with increased growth laterally and decreased growth medially. They interpreted this as evidence for an additional growth input independent to that of Dpp, and that the main role of the Dpp/ Brk system is to level inherent growth inequalities like a steamroller (Fig. 3F) . What could be the molecular nature of the growth activator in the lateral areas of the wing disc? One possibility would be a diffusible growth activator emanating from the interface between cells of the peripodial membrane and the disc proper. Another type of explanation invokes mechanical forces that act on growth. Two such models (see "The DPP Gradient and the Final Size Question") postulate that high amounts of growth factors in the central region create certain mechanical forces within the disc, which then feedback on growth and lead to uniform proliferation (Shraiman 2005; Aegerter-Wilmsen et al. 2007; Hufnagel et al. 2007 ). In discs with experimentally expanded Dpp signaling activity, these mechanical forces would differ, resulting in an abnormal influence on growth and a nonuniform proliferation pattern. As both mechanical forces models not only try to explain uniform proliferation but also final size of the wing disc, they will be discussed later in the section "The DPP Gradient and the Final Size Question."
DPP'S CONNECTION TO THE CELL CYCLE
Organ growth can be principally regulated by controlling (1) the size, (2) the survival, or (3) the proliferation of cells. By which of these means does Dpp regulate wing disc growth? Changes in cell size are not observed when Dpp levels are altered, indicating that Dpp does not regulate organ growth by affecting cell size (Martin-Castellanos and Edgar 2002) . Moreover, experimentally induced polyploidy, which results in increased cell size, does not alter the final size of the wing imaginal discs (Santamaria 1983; Weigmann et al. 1997) . A role in cell survival has been indicated by dpp loss-of-function and brk gain-of-function clones. Such cells are eliminated from wing imaginal discs Adachi-Yamada et al. 1999; Moreno et al. 2002) . Supporting this idea, brk overexpression leads to JNK-mediated apoptosis, and the elimination of brk gain-of-function clones can be prevented by blocking apoptosis (Moreno et al. 2002) . Cell-biological analysis of clones with reduced Dpp signaling indicates that these cells might be extruded because of the loss in tissue integrity caused by the vast differences of Dpp signaling levels between cells inside and outside surrounding the clones (Gibson and Perrimon 2005; Shen and Dahmann 2005) . Thus, at least partially, Dpp acts as a survival factor by promoting epithelial integrity. Besides the evidence for Dpp promoting cell survival, proliferation assays (staining for cells in S-or M-phase and in clonal analyses) indicate a strong relationship between Dpp signaling levels and proliferation rates. Ectopic Dpp signaling in the lateral regions of the wing disc, where endogenous levels are very low, lead to an increase in proliferation levels (Macdonald and Goldstein 1999; MartinCastellanos and Edgar 2002; Martin et al. 2004; Rogulja and Irvine 2005; Schwank et al. 2008) .
Most of the molecular components linking Dpp signaling activity to the cell cycle and the apoptosis machinery, however, remain to be identified. Several studies show that Dpp uses the transcriptional repressor Brk for regulating growth (Jazwinska et al. 1999; Martin et al. 2004; Schwank et al. 2008) . The downstream machinery connecting Brk to the cell cycle, however, remains obscure. Only a few transcriptional target genes of Brk are known, and only for one, vestigial (vg), has an influence on cell proliferation and survival been described (Kim et al. 1996; Campbell and Tomlinson 1999; Van de Bor et al. 1999) .
Vg functions as a transcription factor and is expressed within the wing pouch of the wing imaginal disc (Kim et al. 1996) . Cells in the wing pouch lacking vg function undergo cell death, which causes a loss of the corresponding wing structures in the adult (Agrawal et al. 1995) . The phenotype of vg clones resembles that of clones which lack Dpp input or overexpress brk ( Burke and Basler 1996; Kim et al. 1996; Adachi-Yamada et al. 1999; AdachiYamada and O'Connor 2002; Moreno et al. 2002; Baena-Lopez and Garcia-Bellido 2006) , and overexpression of vg can prevent the elimination of brk-expressing clones (A. Smith and K.B., unpublished data). However, vg expression is not only regulated by Dpp, but also by the activities of the Wg and Notch signaling pathways (Couso et al. 1995) . Recently, it has been shown that the vg expression domain forms because of an autoregulatory feed forward mechanism, which relies on short range Notch signaling, long range Wg signaling, and presumably also Dpp signaling, plus a preblade fate of the cells (Zecca and Struhl 2007b; Zecca and Struhl 2007a) . How does Vg regulate cell survival and proliferation? It has been described that Vg interacts with Scalloped (Sd), and the Vg/Sd dimer activates the transcription of target genes, such as vg and sd themselves as well as the gene encoding the cell cycle activator dE2F1 (Simmonds et al. 1998; Halder and Carroll 2001) . Recently, Sd was found to also dimerize with Yorkie (Yki), a transcription factor acting in the Hippo tumor suppressor pathway, thus leading to the speculation that Sd acts with Vg and Yki together to regulate a set of common target genes. Some recent studies (Goulev et al. 2008; Wu et al. 2008) indicate that this might indeed be the case; however, the vg phenotype suggests that it also regulates genes which are not influenced by the Hippo pathway. Certainly more experiments are needed to clarify the link between Vg and Yki. Apart from the evidence for growth regulation via Vg, several experiments show that Dpp regulates proliferation also independently of Vg. Contrary to the overgrowth phenotype of discs lacking brk function or expressing Dpp uniformly, ubiquitous expression of vg does not lead to larger discs (Baena-Lopez and Garcia-Bellido 2006). Moreover, although vg is expressed only in the enlarged pouch of brk mutant discs (or discs expressing Dpp uniformly), enhanced cell proliferation also occurs outside of the pouch (Campbell and Tomlinson 1999; Schwank et al. 2008) .
Besides the link between Dpp and Hippo via Vg, two further studies suggest that the Hippo pathway might be important for the growth regulatory activity of Dpp. One of them describes an effect of Brk on the expression levels of the Hippo target bantam (Martin et al. 2004) , and recent work by Rogulja et al. supports a model in which the Dpp signaling gradient influences the activity of the Fat/Hippo pathway by regulating the expression and localization of Hippo pathway components. This latter study shows that the Dpp gradient controls the expression of the four-jointed (fj) and dachsous (ds) genes. Graded Fj and Ds levels lead to partial inactivation of Fat and hence decreased Hippo pathway activity, which in turn causes growth (Rogulja et al. 2008 ). However, fj and ds expression is also influenced by Vg (Baena-Lopez and Garcia-Bellido (2006); Cho and Irvine 2004) , and it is possible that Dpp affects the expression of ds and fj only indirectly, via vg. Consistent with this view, Baena-Lopez and Garcia-Bellido (2006) showed that graded vg expression is essential to promote normal wing growth. However, not much is known at present about the establishment of graded vg expression along the P/D axis. Future studies will have to determine the extent to which graded vg expression is accomplished by morphogen gradients or by other molecular mechanisms, such as the autoregulatory feed-forward loop that causes the expansion of the vg expressiondomain (Zecca and Struhl 2007b; Zecca and Struhl 2007a) .
THE DPP GRADIENT AND THE FINAL SIZE QUESTION
One of the long-standing unsolved issues in developmental biology concerns the mechanism by which the final size of an organ is controlled. Organs show a very characteristic growth pattern, and they stop growing at a definite size. This final size is regulated by organ extrinsic and organ intrinsic factors. Examples for organ extrinsic growth regulators are the insulin-like growth hormones, which can regulate the overall size of an organism. Here, we focus on organ-intrinsic growth control. First evidence for the existence of intrinsic mechanisms came from grafting experiments in salamanders early in the last century. Twitty and Schwind (1931) showed, with species of different size (the small Ambystoma punctatum and the large Ambystoma tigrinum), that grafted limbs adopt the final size of the donor-even when implanted in a differently sized host. Experiments with Drosophila wing imaginal discs also provided evidence for organ intrinsic growth mechanisms. Discs were removed and cultured either in adult or larval hosts, providing them with extra time for growth. Such discs, however, did not overgrow, arguing for an organ intrinsic growth-arrest system (Bryant and Simpson 1984) . Knowledge about the molecular nature of such organ intrinsic growth-arrest systems remains fragmentary. In Drosophila, polyploidy or altered expression of cell cycle genes can cause differences in cell size, but these do not alter the final size of wing imaginal discs (Santamaria 1983; Weigmann et al. 1997; Neufeld et al. 1998 ). These observations argue for a mechanism in which the dimensions of wing discs are measured and not the number of cells they are composed of, because changes in cell number are compensated by changes in cell size and vice versa.
The tight link between patterning and final size control, and the identification of the dual role of morphogens-regulating not only patterning but also growth-led to the idea that the dimensions of an organ, including those of its end state, might be assessed and governed by morphogen gradients. Dpp has the potential to modulate the final size of the Drosophila wing; dpp hypomorphic mutant animals (carrying dpp disc alleles) develop only wing stumps; and animals expressing Dpp ectopically within the entire wing disc develop overgrown wing discs (Spencer et al. 1982; Capdevila and Zecca et al. 1995; Burke and Basler 1996; Martin-Castellanos and Edgar 2002) . These properties of Dpp rendered the Drosophila wing an attractive system for researchers to develop and challenge models for the final size control by morphogen gradients. Here, we describe the most prominent of these models, and challenge them with experimental evidence or counter evidence.
The first model discussed here is the gradient model by Day and Lawrence (2000) . It assumes that the Dpp concentration in the center and at the disc margins are fixed. Thus, when the size of the wing disc increases the slope of the Dpp, concentration gradient decreases. Growth stops when the slope drops below a certain level (Fig. 4A) Growth of the wing disc is governed by a combination of morphogens, which are concentrated at the center of the disc, and stretching and compression forces. High growth factor levels in the center of the disc lead to local growth. This causes stretching, and thus growth in the circumferential regions of the disc, with some stretching still remaining. Stretching forces in the periphery in turn lead to compression of medial cells, which influences growth negatively. As the disc grows, the stretched region becomes wider and compression in the center of the disc becomes stronger. Growth stops once the influence of compression forces becomes bigger than the growth promoting influence by Dpp. (C) In parallel to a growth activator, a growth inhibitor is expressed. Initially, the growth activator is expressed at higher levels. Over time, this ratio changes, and growth stops when the inhibitor reaches a concentration higher than the activator.
and stays constant during growth (Hufnagel et al. 2007; Bollenbach et al. 2008 ). These findings prompted Hufnagel et al. (2007) to develop an alternative model of size determination. They proposed that once the disc grows to a size in which the morphogen concentration in the boundary region is below a threshold, the boundary cells stop proliferating. Mechanical constraints then lead to compression of cells in the central region. Under the assumption that compression inhibits growth, this would eventually lead to a growth stop within the entire disc (Fig. 4B1) . However, experiments in which the P compartment size was changed via altered Insulin signaling activity showed that the Dpp activity gradient has the ability to compensate for differences in compartment size, and changes the slope (Teleman and Cohen 2000) . Clearly, though, for the mechanical feedback model of Hufnagel et al. (2007) , it is essential that the Dpp morphogen gradient is constant and independent of disc size.
Another model for final size control based on mechanical forces was developed by Aegerter-Wilmsen et al. (2007) . In this model, compression of cells leads to a reduction in proliferation while stretching causes increased proliferation. During wing disc development, Dpp ( possibly in conjunction with other morphogens or growth factors) leads to growth in the central region of the disc, which leads to mechanical stretching and thus proliferation in the periphery of the disc. Because the stretching is not completely compensated for by growth, this causes compression and consequently reduced growth in the center of the disc. These compression forces become larger as disc size increases, and once their effects reach an extent that negates the growth promoting activity by Dpp, growth ceases (Fig. 4B2) . Measuring mechanical forces in tissues is experimentally very difficult, thus models that rely on mechanical forces have remained speculative so far.
The last model for final size control discussed here was formulated without specific reference to Dpp or imaginal discs (Nijhout 2003) , but it can be adjusted to the Dpp gradient in the wing. It suggests that an organ produces its own growth factor (activator), as well as a factor that destroys this growth activator (inhibitor). Initially, the growth activator is produced at a higher amount than the growth inhibitor. During development, this ratio changes, and once the inhibitor reaches a higher concentration than the activator, growth ceases (Fig. 4C) . With Dpp acting as an activator in the wing, one would expect the inhibitor to occur in a similar gradient distribution, because the stop of proliferation as well as proliferation during wing disc development happens uniformly throughout the disc. So far, there is no experimental evidence for the existence of such an inhibitor.
In all four models described here, the Dpp gradient is the "key factor" for final size control. However, experiments that have been conducted so far indicate that Dpp is merely one among many growth modulators, and suggest that several other signaling pathways, including the Wg, Hh, N, Insulin, and Hippo pathways, also play a role in growth of wing imaginal discs. It is likely that they act together with Dpp to regulate the final size of this organ. One important set of experiments would therefore be to study the effect of all these additional signaling pathways on final size. The termination of growth under normal conditions coincides in time with pupariation and the release of ecdysone, a hormonal signal which affects cell proliferation independently of the organ-intrinsic growth control system. That this systemic, organ extrinsic growth-arrest signal overlaps with the organ intrinsic growth-arrest system is not surprising, and indicates that during development, both processes are tightly connected. However, it complicates the work of biologists who preferentially would first study both processes separately, and then investigate their mutual interference. For example, if one wants to examine how changes in the activity of different signaling pathways influence the organ intrinsic growth control system, the effects might be overruled by the impact of ecdysone on growth-stop. Thus, to study the influence of potential intrinsic regulators of final size, we must develop protocols for culturing and studying discs outside of the larva, under conditions in which organ extrinsic factors are distributed uniformly over time, and therefore do not trigger a growth arrest. The identification of the molecular components involved in organ size control is likely going to provide the key to being able to mechanistically understand this most fascinating conundrum of biology.
